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h i g h l i g h t s< This study focuses on generating important ex-situ GDL parameters.
< The paper highlights the various types of commercial GDLs and discusses their characteristic variations.
< The paper shows the relationship between several ex-situ GDL parameters.
< The study explores the effect of PTFE loading and MPL presence upon the ex-situ characteristics of the GDL.
< This study emphasizes the need of parameters optimisation in GDL design and fabrication.a r t i c l e i n f o
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This paper presents the ﬁrst part of a complete ex-situ characterisation of a wide range of commercial Gas
Diffusion Layers (GDLs) used in low temperature and high temperature Proton Exchange Membrane
(PEM) fuel cells. Physical and electrical characteristics of the GDLs are reported. The results show that the
substrate structure has a signiﬁcant effect on the mechanical and electrical properties of the GDL.
Moreover, the Micro Porous Layer (MPL) structure determines the roughness of the surface, and affects
the permeability and porosity of the GDL. It was found that the substrate treatment with PTFE affects the
GDL characteristics; PTFE loading increases the GDLs hydrophobicity and permeability, however,
decreases its overall porosity and resistivity. Adding a MPL to the substrate, results in a decrease in
porosity and permeability and an increase in resistivity. The contact resistance of the GDL and the bipolar
plate increases when the GDL thickness and PTFE loading are increased. This technical paper shows
a close relationship between GDL materials and their physical characteristics and highlights the
importance of optimising GDLs for fuel cell applications.
 2012 Elsevier B.V.Open access under CC BY license.1. Introduction
Gas Diffusion Layers (GDLs) are important sub-components in
Membrane Electrode Assemblies (MEAs) used in Proton Exchange
Membrane Fuel Cells (PEMFCs). The GDL with its porous nature
plays an essential and important role to allow the Hydrogen
Oxidation Reaction (HOR) and Oxygen Reduction Reaction (ORR) in
the Catalyst Layers (CLs) (anode and cathode respectively) to occur
by diffusing the reactants (hydrogen and oxygen/air) from the ﬂow
ﬁeld channels (on the ﬂow ﬁeld plates) to reach the active sites on
the electrocatalyst. The GDL also facilitates water (and heat)27 (0) 71 484 0323 (mobile).
llet).
lletresearch.com
Y license.management in the MEA by allowing water vapour to diffuse into
the MEA together with the reactants to ensure sufﬁcient humidi-
ﬁcation. The GDL also facilitates the removal of the liquid water
produced on the cathode side to prevent ﬂooding and the blocking
of the catalyst. The GDL is electrically connected to the CL and acts
as a supporting structure for it. In addition, the GDL is an electrical
conducting medium that transfers electrons between the CL and
the ﬂow ﬁeld or bipolar plates (BPPs) (Fig. 1).
GDLs are made of porous electrically conductive materials,
mainly carbon based. Typically for GDLs, the carbon substrates are
water proofed (e.g. by adding PTFE) to prevent the blockage of
pores with water that can disrupt diffusion of reactants to the CLs
during fuel cell operation. A Micro Porous Layer (MPL) made of
carbon and a hydrophobic agent (e.g. PTFE), is often added on the
GDL surface between the CL and the GDL. This has the function of
Fig. 1. GDL structure and MEA sub-components in a PEM fuel cell.
Table 1
Commercial GDL samples and description.
Manufacturer Type Description
Ballard 1071HCB Carbon cloth
P50 P50 is the carbon paper substrate;
P50T is a teﬂonated carbon paper
substrate; GDS1120 is a teﬂonated
paper with a MPL
P50T
GDS1120
P75 P75 is a carbon paper substrate;
P75T is a teﬂonated carbon paper
substrate; GDS 2120 is a teﬂonated
paper with a MPL
P75T
GDS2120
Toray TGP-H-030 Teﬂonated carbon papers of various
thicknessesTGP-H-060
TGP-H-090
TGP-H-120
Freudenberg C2 Felt ﬁbres carbon paper based on H2315
substrate with a MPL appliedC4
I2 C6 Felt ﬁbres carbon paper based on
H2315 I2 substrate with a MPL appliedI2 C8
E-TEK LT 12001200WN Non-woven web containing a MPL
LT Woven web containing a MPL
Sigracet GDL 10 BC 3-D ﬁbres carbon paper containing a MPL
GDL 24 BA A carbon paper with PTFE and
with/without MPL as below:
-BA stands for 5% PTFE loading and no MPL
-BC stands for 5% PTFE loading with a MPL
-DC stands for 20% PTFE loading with a MPL
GDL 24 BC
GDL 25 BA
GDL 25 BC
GDL 34 BC
GDL 34 DC
GDL 35BA
GDL 35 BC
Tenax TCC2660 Untreated woven carbon cloths
TCC 3250
A. El-kharouf et al. / Journal of Power Sources 218 (2012) 393e404394enhancing the water removal from the CL, minimising the electrical
contact resistance with the adjacent CL, and preventing the catalyst
ink (Pt/C/Naﬁon) from penetrating through the GDL, thereby
increasing the catalyst utilisation and reducing the tendency of
electrode ﬂooding [1e3]. Furthermore, it has been reported that the
presence of the MPL in PEM fuel cell electrodes improves perfor-
mance and enhances durability [4e6]. A description of GDL fabri-
cation, materials, characterisation methods and degradation
processes has been recently reviewed by El-kharouf and Pollet [7]
and the relationship between characteristics and fuel cell perfor-
mance by Cindrella et al. [8].
Studies on GDL materials include: (i) methods of ex-situ char-
acterisation [9e11], (ii) the effect of fabrication process on GDL
properties [4,12,13], (iii) comparison of GDL performance in PEM
fuel cells under various operating conditions [5,14,15], and (iv)
degradation using both in-situ and ex-situ testing methods
[6,16e20]. Studies on mechanical properties of the GDL have
mainly focussed on the effect of PEM fuel cell clamping pressure on
the MEA performance [21e23]. It was found that the intrusion of
GDL into the ﬂow ﬁeld channels (tenting) affect reactants ﬂow
distribution, causes pressure drop across the ﬂow ﬁeld, and
decreases fuel cell performance and durability [19,24,25]. One of
the main functions of the GDL is transferring reactants and by-
products ‘in’ and ‘out’ of the MEA, gas transport and water
permeability properties are therefore important. Commonly, gas
and water permeability values are often generated by using various
in-house built equipments [9,26] and the application of Darcy’s law,
according to Equation (1).
Q ¼ kA
m
DP
L
(1)
where, Q is the volume ﬂow rate of the ﬂuid in m3s1, k is the
permeability of the porous medium in m2, A is the cross sectional
area of the porous medium in m2, m is the viscosity of the ﬂuid in
Pa s, DP is the pressure difference across the porousmedium in Pa, L
is the distance through the medium in m.
In the literature, there are far fewer investigations of GDL
properties compared to fuel cell electrocatalysis and membrane
electrolytes studies; however, recently it has been shown that thetransport of electrons from the catalyst to the GDL can be eluci-
dated by studying the contact resistances of the GDL and the CL [27]
as well as the GDL and the BPP [28e31]. Furthermore, thermal
conductivity and its effect on temperature distribution in PEM fuel
cells have also been examined [32,33].
In this study, a range of commercial GDL samples were tested in
order to produce a technical reference for MEA/fuel cell stack
designers andmodellers. Future studies will includemeasurements
of material compositions, thermal conductivity and the perme-
ability of water and gases. In this technical paper, it will be referred
to the overall material tested as GDL, however, in the discussion;
sub-layers will be referred to as the substrate for the carbon ﬁbres
layer (paper or cloth) and the Micro Porous Layer (MPL).2. Experimental methods
2.1. Commercial GDL samples
A range of both commercial woven cloth and non-woven GDL
samples were tested as shown in Table 1. The table describes the
GDL materials as reported by the manufacturers’ technical data
sheets.2.2. Physical properties
‘Real’ density (g cm3) values were measured using a helium
pycnometer (Micromeritics AccuPyc II 1340). A sample of the GDL
material was weighted (around 50 mg) and placed in the testing
cup, and then 10 readings for the density were taken over 10 cycles
of pumping and evacuating helium on the sample.
Bulk density (g cm3), porosity (%), tortuosity (dimensionless),
pore size distribution and permeability (m2) were measured using
a mercury porosimeter (Micromeritics AutoPore IV). Here, the
measured permeability corresponds to mercury permeation
through the GDL with increasing pressure (MPa). Experimentally,
Fig. 2. Electrical contact resistance measurement setup.
A. El-kharouf et al. / Journal of Power Sources 218 (2012) 393e404 395a 1 cm2 GDL samples (ca. 200 mg) was placed in the porosimeter
stem to undergo low and high pressure mercury intrusion testing.
Mercury was then deposited/inserted gradually into the sample by
increasing the pressure up to 30,000 Psi (w206 MPa) whereby the
GDL sample pores were ﬁlled starting from the larger pores at low
pressures and down to smaller pores at higher pressures. This
method allowed themeasurements and determination of total pore
volume, skeletal volume, real and bulk density as well as total
porosity values.
Here, the Micromeritics AutoPore IV software uses the Wash-
burn’s equation to determine the pore size distribution and the pore
length of theGDL sample basedon the assumption that thepores are
of cylindrical geometry. Furthermore, the Katz and Thompson’s
equation (derived from the percolation theory) is used by the soft-
ware to calculate the absolute permeability (k) of the GDL sample.
The permeability values are then used in the expression derived by
Jӧrgen Hager to calculate tortuosity [34]. In our experimental work,
all these values were automatically calculated by the Micromeritics
Instruments software as detailed and explained in the paper pub-
lished by Micromeritics Instruments Corp. [34].
Scanning Electron Microscopy (SEM) was used to examine the
GDL surface morphology on both sides i.e., the one facing the
catalyst layer with or without a MPL, and the other one facing the
BPP. Similarly, the GDL roughness (mm) of each side was measured
(over three areas on the sample surface) using an interferometer
(Omniscan Microxam 2).
The water contact angle () of the GDL was measured using the
sessile drop method [35]. In this method, the contact angle of the
water droplet on the solid surface of the GDL and the MPL was
measured using an image processing software developed by Teaer
Coating Ltd/MIBA. Measurements were carried out by using three
different droplet sizes for each sample.Table 2
Woven GDLs weave and ﬁbres properties.
Weave width (mm) Fibre diameter (mm)
1071HCB 350 e 500 8 e 9
TCC2260 200 e 250 8 e 9
TCC3250 250 e 375 11 e 12
LT1200W 450 e 500 8 e 112.3. Electrical properties
In-plane electrical resistance was measured using the method
reported by Williams et al. [11]. GDL samples of 2 mm width and
100 mm length were manually cut and the resistance was
measured at 10 mm increments (10 points in total). Here, the
measured resistance (R) values were plotted against distances (l)
and yielded a linear relationship whereby the slope of the line
represented the in-plane resistance per unit of distance (R0).
The GDL samples in-plane resistivity (r) values were calculated
using Ohm’s Law as shown in Equation (2):
R ¼ ðrlÞ=A/r ¼ ðRAÞ= l (2)
where, R is the resistance of the GDL inU, r is the in-plane resistivity
in Um, A is the cross-sectional area of the GDL sample in m2 l is the
length of the GDL sample in m.
The contact resistance (Rc) between a4 cm2GDL and ‘plane’POCO
graphite (POCO AXF-5Q) plates (industry standard material often
used as a reference material) was measured at various clamping
pressures. The clamping pressurewas monitored using a controlled
compression device (Zwick Roel Z030). The GDLs were pre-
conditioned by applying a pressure of 3 MPa (3 times) before con-
ducting the test. This step was performed to eliminate the effect of
‘irreversible’ deformation of the GDL as (i) the contact resistance
values became repeatable and (ii) the irreversible changes were
found to be negligible after the 3rd compression. The GDL was
placed between the two POCO graphite plates and the two gold
plated stainless steel (SS) current collectors as shown in Fig. 2. The
resistancewasmeasuredby the 4-wireKelvinmethodusing aBS407
precision Milli/Micro-Ohmmeter (resolution of 1 mU with 0.1% of
resolution accuracy). The contact resistance between the POCOplates and the gold plated SS plates was measured using a similar
arrangement, where one POCO plate was placed between the two
gold plated SS plates. All measured resistance values were used to
calculate the contact resistances using the following equations:
Rmeasured ¼ 2xRc;SSAu=FFP þ 2xRc;FFP=GDL þ 2xRFFP þ RGDL (3)
and
RFFP measured ¼ 2xRc; SSAu=FFP þ RFFP (4)
where, Rc,FFP/GDL is the contact resistance between the GDL and the
POCO graphite ﬂow ﬁeld plate Rc,SS-Au/FFP is the contact resistance
between the POCO graphite ﬂow ﬁeld plate and the gold plated
stainless steel plate RFFP is the through-plane resistance of the POCO
graphiteﬂowﬁeldplateRGDL is the through-plane resistanceof theGDL.
Subtracting Equations (3) to Equation (4) gives Equation (5):
Rmeasured  RFFP measured ¼ 2xRc;FFP=GDL þ RFFP þ RGDL (5)
Thus rearranging Equation (5), one obtains the contact resis-
tance between the GDL and the POCO graphite ﬂow ﬁeld plate
(Rc,FFP/GDL):
Rc;FFP=GDL ¼ ðRmeasured  RFFP measured  RFFP  RGDLÞ=2 (6)
If it is assumed that RFFP and RGDL are negligible due to their low
resistance values, Equation (6) may be simpliﬁed to:
Rc;FFP=GDL ¼ ðRmeasured  RFFP measuredÞ=2 (7)
For example, POCO graphite plates have very low resistivity
(w1.470 mU cm) [36] and using Equation (2), the resistance of the
POCO graphite plate used (area¼4 cm2, thickness¼3 mm) was calcu-
lated tobe0.110mU. Thus inour conditions,RFFPand similarly, theGDL
through-plane resistance (RGDL < 103 e 106 U) can be neglected
under the range of clamping pressures used [37,38]. In this paper, the
simpliﬁed Equation (7) is used for the determination of contact resis-
tance between the GDL and the POCO graphite ﬂow ﬁeld plate.
3. Results and discussion
3.1. Physical properties (thickness and density)
Thickness, area weight, bulk and real (material) density are
important physical parameters for GDL materials. Thickness has
Table 3
Commercial GDL properties.
Material Manufacturer materials’ properties Measured properties
Thickness
(mm)
Area weight
(gm2)
Bulk density
(gcm3)
Real density
(gcm3)
Bulk density
(gcm3)
Surface roughness
(mm)
Porosity
%
Tortuosity Mean pore
diameter
(nm)
Permeability
(m2)
Water contact
angle, (

)
Contact resistance
(mU cm2)
In-plane
resistivity
(U m)
Sa Sq Mercury Contact angle @ 1.5 MPa @ 2.5 MPa
1071HCB 356 123 0.35 1.816  0.002 0.39 e e 64.9 1.95 3401 2.36E-11 68  4 52.66 30.87 1.28E-04
P50 170 50 0.32 2.083  0.004 0.36 14.7  0.8 19.8  0.5 48.7 3.01 993 9.21E-12 111  7 2.13 1.56 2.70E-03
P50T 180 62 0.34 2.151  0.004 0.37 15.7  0.6 19.4  0.3 44.9 2.55 1528 1.41E-11 114  1 2.60 1.85 2.28E-03
GDS1120 210 79 0.40 2.125  0.005 0.46 20.0  3.0 25.0  4.0 44.8 3.24 859 4.73E-12 116  16 e e 2.62E-03
P75 230 75 0.33 2.083  0.005 0.35 14.2  0.9 20.0  2.0 62.4 2.43 2074 1.11E-11 107  7 2.40 1.73 4.27E-03
P75T 255 88 0.33 2.087  0.003 0.36 14.0  1.0 18.0  2.0 59.9 2.23 1227 1.31E-11 113  3 2.82 1.99 2.40E-03
GDS2120 260 101 0.40 2.131  0.005 0.40 17.0  2.0 23.0  5.0 60.2 2.62 2998 6.06E-12 85  3 e e 2.78E-03
TGP-H-030 110 e 0.40 2.071  0.001 0.37 14.0  1.0 18.1  0.9 64.6 2.50 2625 1.07E-11 133  4 2.74 1.99 9.90E-05
TGP-H-060 190 e 0.44 2.002  0.003 0.43 14.1  0.2 19.1  0.6 63.1 2.76 2631 6.15E-12 129  9 3.27 2.40 9.50E-05
TGP-H-090 280 e 0.44 2.019  0.003 0.49 13.0  0.5 17.9  0.4 67.2 2.55 3324 4.53E-12 138  8 3.64 2.77 7.28E-05
TGP-H-120 370 e 0.45 1.985  0.004 0.49 12.2  0.5 17.3  0.8 61.8 2.51 1717 3.90E-12 120  1 4.60 3.23 4.44E-05
C2 250 130 1.882  0.002 0.57 14.6  0.4 19.6  0.9 49.2 4.51 658 9.12E-13 121  4 3.00 2.23 1.45E-04
C4 250 130 e 1.900  0.002 0.49 14.0  1.0 18.9  0.6 61.0 4.26 158 1.04E-12 1173 1.70E-04
I2 C6 250 135 e 1.867  0.002 0.54 9.5  0.4 12.7  0.4 46.2 5.02 1148 8.57E-13 61  6 3.37 2.47 9.00E-05
I2 C8 230 135 e 1.934  0.002 0.62 8.4  0.6 11.3  0.8 47.0 4.91 682 6.25E-13 122  4 1.89E-04
LT 1200N 185 75 0.41 2.053  0.004 0.39 17.0  2.0 22.0  0.8 64.9 2.74 769 6.45E-12 90  6 e e 2.93E-04
LT1200W 275 200 0.73 1.906  0.002 0.50 e e 31.8 2.74 1055 4.98E-12 96  1 e e 1.03E-04
GDL 10 BC 420 135 e 1.945  0.008 0.36 24.0  2.0 31.0  3.0 34.6 2.95 2919 8.04E-12 122  4 e e 1.18E-04
GDL 24 BA 190 54 e 2.140  0.010 0.28 13.4  0.9 17.0  2.0 73.9 1.40 2208 3.67E-11 98  4 2.69 1.76 1.94E-03
GDL 24 BC 235 100 e 2.010  0.003 0.44 13.3  0.1 18.3  0.8 40.0 3.00 2450 5.09E-12 104  4 e e 2.51E-03
GDL 25 BA 190 40 e 1.941  0.002 0.21 22.0  4.0 31.0  3.0 66.2 1.45 1705 4.54E-11 e 2.52 1.85 4.78E-03
GDL 25 BC 235 86 e 2.009  0.007 0.34 23.0  4.0 32.0  3.0 36.5 2.92 842 5.64E-12 112  12 e e e
GDL 34 BC 315 140 e 1.987  0.001 0.41 23.9  0.9 30.8  0.2 47.5 2.47 2197 8.97E-12 126  7 e e 2.22E-03
GDL 34 DC e e 1.978  0.004 0.48 25.0  2.0 31.0  3.0 40.8 2.62 1593 6.91E-12 134  2 e e 2.51E-03
GDL 35 BA 300 54 e 2.022  0.009 0.19 32.0  3.0 43.0  3.0 70.5 1.33 2469 5.31E-11 123  8 2.55 1.85 5.51E-03
GDL 35 BC 325 110 e 1.980  0.007 0.31 36.0  2.0 46.0  5.0 52.6 1.94 1467 1.72E-11 118  11 e e 3.67E-03
TCC-2660 260 80 0.31 1.793  0.003 0.34 e e 66.9 1.83 2291 2.96E-11 126  3 2.01 1.41 3.54E-04
TCC-3250 320 100 0.31 1.803  0.002 0.36 e e 71.0 2.32 1631 1.74E-11 79  7 2.38 1.67 7.68E-05
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A. El-kharouf et al. / Journal of Power Sources 218 (2012) 393e404 397a direct effect on gas and water permeability, diffusion and elec-
trical conductivity. Area weight and bulk density relate to the ﬁbre
density, MPL carbon density and PTFE loading in the GDL. Table 3
lists the properties for the GDL samples used in this study, from
both the manufacturers’ reported values and our measured values.
The data in Table 3 show that the GDL thicknesses range
between 110 and 420 mmwith an independent large variation in the
area weight. The ‘real’ density measured by the pycnometer
appears to be within a narrow gap of 1.8e2.15 g cm3 which falls
within the region between the density of carbon ﬁbres of
1.8e2.1 g cm3 and PTFE of 2.04e2.17 g cm3 [39]. However, a large
variation in the bulk density can be observedwhich is inﬂuenced by
the porosity and the density of the ﬁbres/MPL within the GDL; the
measured bulk density values of the GDLs are close to the values
reported from the manufacturers, and the small deviation can be
due to the heterogeneous structure of the GDLs.
3.2. Fibre structure, surface morphology and roughness
The SEM images of the surface and edge viewof woven and non-
woven GDLs are shown in Fig. 3. Woven GDL constitutes the carbon
cloth group, and the non-woven GDL makes the carbon paper
group. The non-woven group can be divided into two types
according to the structural conﬁguration of the ﬁbres in the GDL,
namely, (i) straight and (ii) felt/‘spaghetti’ ﬁbres.
Only a few commercial woven cloth GDLs are available due to
the relatively high cost of manufacturing compared to the non-
woven paper GDLs. The main difference noticed from the SEM
images in the woven cloth types is the diameter of the ﬁbres and
the weave width as shown in Table 2. The SEM image for LT1200W
in Fig. 4c also shows the PTFE loading on the cloth. Here, the woven
structure gives the GDLs high mechanical ﬂexibility and
compressibility.
In the straight ﬁbre structure, the ﬁbres create a multi-layered
web of interlinked ﬁbres forming the carbon paper. This can be
observed in Fig. 5 that shows the separation of these layers after
testing under compression. Some differences can be seen in the
SEM images of this type (Fig. 6). Graphitised binders can be noticed
in some samples [Fig. 6c,d,e,f]; for example, the carbon/PTFE
binding agglomerates around the ﬁbres linking them together and
decreasing the pores diameter. SEM images for the Toray papersFig. 3. SEM images of GDL ﬁbres conﬁguration; surface and edge views of (a) & (d) woven ﬁ
paper e Toray H-060, (c)& (f) felt/spaghetti ﬁbres in carbon paper-Freudenberg C2.show clear graphitised wetted ﬁbres [Fig. 6b]. Also, from the SEM
images it appears that the ﬁbre density differs greatly from one GDL
to another. This type of GDL is usually mechanically rigid and brittle
and can easily break if bended.
Felt/spaghetti ﬁbre structures are clearly observed for all Freu-
denberg and some SGL GDL samples. Here, the SGL 10BC (Fig. 7) is
often described as a three dimensional (3-D) ﬁbre conﬁguration.
This type of structure gives the GDL a higher mechanical ﬂexibility
and a higher compressibility compared to other carbon paper GDLs.
It is interesting to note that as with straight ﬁbre carbon papers
binders can be observed in the SGL 10BC GDL, but not in all Freu-
denberg GDLs. Furthermore, it can be noticed that the ﬁbres density
for Freudenberg GDLs is signiﬁcantly higher.
Here, the roughnesses of the carbon paper substrates surfaces
were measured using an interferometer. The mean value of heights
(Sa) and root mean square of heights (Sq) on the surface are listed in
Table 3. The values of Sq range between 10 and 45 mm indicating
high roughnesses facing the BPP material in the PEM fuel cell
(Fig. 8). Avasarala et al. observed a signiﬁcant effect of the surface
roughness of compositae BPP on the interfacial contact resistance
with the GDL [40]. This can be related to the GDLs roughness as well
as the BPP; however, to the authors’ knowledge, this relationship
has not been explored yet. Here, Fig. 8 clearly shows a decrease in
roughness for teﬂonated substrates compared to unteﬂonated
(P50T and P75T compared to P50 and P75). Moreover, it shows
a slight increase in the substrates roughness when a MPL is added
to the other side of the GDL. Some types of GDLs are coated on one
side with a MPL and the SEM images in Fig. 9 show the scale of
features observed in various types of GDL. The GDS 2120 image
shows a very rough surface and coarse pore sizes compared to other
types, while the E-TEK media exhibit a very smooth and ﬁne pore
sizes. It can also be seen that the MPL surfaces have a sporadic
distribution of pore sizes.
The roughness of the surface of theMPLswasmeasured using an
interferometer and the values are shown in Table 4. The roughness
values of the MPL in GDS1120 and GDS 2120 were found to be 8e10
times higher than theMPL in other GDL samples (Fig.10). Cracks are
observed on the MPL surfaces and even larger cracks are obtained
on woven GDL containing MPL following the pattern of the weaves
(Fig. 8). This observation may be due to the rough structure of the
woven structure and the GDL bending caused by its high ﬂexibility.bres in carbon cloth e Ballard 1071HCB, (b) and (e) straight stretched ﬁbres in carbon
Fig. 4. SEM images of several types of woven carbon cloth sample; surface views of: (a) Tenax (b) Ballard 1071HCB, and (c) E-TEK 1200W and closer views of (d) Tenax, (e) Ballard
1071HCB, and (f) E-TEK 1200W.
A. El-kharouf et al. / Journal of Power Sources 218 (2012) 393e404398The low values of the surface roughness show that the MPL creates
a smoother surface for applying the catalyst ink for the fabrication
of Gas Diffusion Electrodes (GDEs), in turn reducing contact resis-
tance between the GDE and the polymeric electrolyte membrane
(PEM).
3.3. Porosity, tortuosity and pore size distribution
Porosity, tortuosity and pore size distribution are important
factors in determining gas and water transport through/in the GDL.
The effective diffusion coefﬁcient (De) can be calculated using the
measured values, which is an important parameter of the GDL
properties. Furthermore, the distribution and variation in pore sizes
shown by the pore size distribution are important for their effect on
the capillary pressure driving thewater out of the PEM fuel cell [41].
Fig. 11 and Fig. 12 show the wide variation in commercial GDL
porosity and tortuosity values. Porosity, tortuosity and average pore
diameter values are listed in Table 3. The table clearly shows that
porosity and tortuosity are affected by the presence of PTFE andFig. 5. Straight ﬁbres GDL’s layer separation after compression in Toray H-120.MPL. Generally speaking, PTFE loading decreases the porosity and
tortuosity. The decrease in porosity is mainly due to the blockage
and narrowing of the pores and the decrease in tortuosity might be
due to the blockage of closed and longer pores leaving shorter open
pores for permeability. Adding aMPL introduces an extra layer with
lower porosity and smaller pores resulting in a decrease in the
overall porosity and thus an increase in tortuosity.
Pore size distributionmeasurement is commonly determined by
the coverage of the volume of mercury intrusion over the range of
pore diameters in the GDL material. Table 3 also shows that the
average pore diameter decreases with increasing thickness;
however, the bulk porosity seems to be unaffected (Fig. 11). The
pore size distribution curve for the Toray samples show larger pores
in TGP-H-030 and TGP-H-060 with lower volume intrusion for the
latter one. TGP-H-090 and TGP-H-120 samples show a shift to
smaller pore diameters. This observation of high volume intrusion
and pore size in TGP-H-030 is interesting and could be due to the
very small thickness of the GDL (Fig. 13). Here, the porosity values
for the Toray samples are in very good agreement with those
obtained by Fishman et al. [42].
However, applying a MPL on the substrate changes the pore
distribution as shown in Fig. 14. The ﬁgure shows that the curve
peak shifts to lower pore size values with less volume intrusion
causing a signiﬁcant decrease in the bulk porosity (Table 3). Fig. 15
shows the gradual change in the pore size distribution for the
substrate when loaded with PTFE and a MPL. A signiﬁcant decrease
in the intrusion volume can be observed when the GDL is loaded
with PTFE; this is also manifested in the decrease in the bulk
porosity. However, when the MPL is applied, the GDL maintains
constant bulk porosity. P50, P50T and GDS1120 also exhibit
a similar behaviour. This ﬁnding is very interesting and could be
due to the structure of the MPL as shown in Fig. 8e and the surface
roughness of the MPL in these GDLs (Table 4). Furthermore, it was
found that a decrease in the pore diameters was observed with
increasing PTFE loading from 5% to 20% (Fig. 16) with subsequent
decrease in porosity values.
Woven carbon cloths pore size distribution curves show
adifferent trend to that of theGDL papers (Fig.17). Volume intrusion
can be observed onwide base of pore diameters that extends to high
pore sizes. The results show that the threewovenGDLswith noMPL
Fig. 6. SEM images of various types of straight ﬁbres carbon paper samples: (a) Toray H-060, (b) E-TEK 1200N, (c) Ballard P75, (d) Ballard P75T; (e) AvCarb 1120; (f) Sigracet 25BA.
Fig. 7. A series of SEM images of felt/spaghetti ﬁbres carbon paper samples of: (a) Freudenberg C2, (b) Freudenberg C6 and (c) SGL 10BC.
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MPL in LT1200W, the curve follows the same trend but with lower
intrusionvolume. Furthermore, an additional sharphighpeakat low
pore diameter is observedwhich is not present in the case of carbonFig. 8. MPLs on various commercial GDLs at two image scales: (a) & (e) GDS 2120, (b) &
(f) Freudenberg C2, (c) & (g) LT1200W and (d) & (h) SGL 24BC.papers. Thevolume intrusionpeakat lowporediameterpresents the
pores in the MPL of the GDL. Again, the bulk porosity of this GDL is
signiﬁcantly lower than the other woven types.
3.4. Permeability
In our study, GDL permeability was measured using themercury
intrusion method at various clamping pressures. Therefore, the
values reported here correspond to both through-plane and in-plane
permeability of the GDL. These values show that the presence of
MPL, the ﬁbre density, thickness and PTFE loading, affect the
permeability of the GDL as shown in Fig.18. The addition of theMPL
results in a decrease in the permeability of the GDL. Furthermore, it
can be observed that the Freudenberg samples have low perme-
ability compared to all other GDL samples due to the high ﬁbre
density in the GDL structure. It is interesting to note that (i) the
permeability of the P50 and P75 increase with PTFE loading in P50
and P50T, which may be due to the decrease in tortuosity, and (ii)
Toray papers permeability decrease with increasing thickness.
Unexpectedly, woven GDLs show relatively lower permeability
compared to some paper type GDLs.
3.5. Water contact angle (hydrophobicity)
The hydrophobicity and hydrophilicity of a substrate is a mate-
rial and surface structure related property; the two parameters
describe the strength or weakness of the bonds created between
the substrate and the water molecules in contact. They determine
Fig. 9. Surface roughness for carbon paper GDL substrates.
Fig. 10. Surface roughness for MPLs.
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through it. Hence, the GDL has an important role in water
management and liquid water removal from the MEA. Contact
angle measurement is a powerful diagnostic for understanding the
interaction of GDL material with water.
In our experiments, bothhydrophobic (water contact angle> 90)
and hydrophilic (water contact angle < 90) GDL surfaces were
observed (Fig. 19), with a majority of them being hydrophobic. For
most commercial GDLs, the MPL shows higher water angle (more
hydrophobic) than that of the substrate. However, an interesting
feature for the SigracetGDLs is that theMPLhas a lowerwater contact
angle (less hydrophobic) than the substrate itself (Fig. 19).
It is important to note that the surface water contact angle
depends upon both the hydrophobicity of the material and the
roughness of the surface. Therefore, the increase in hydrophobicity
on the substrate side could be due to its high roughness. The values
of water contact angle for both the substrates and the MPLs are
listed in Tables 2 and 3 respectively. The values reported here are
within the values range reported for the various samples in the
literature [43,44].
3.6. Electrical conductivity and contact resistance
The contact resistance between the GDL and the BPP varies with
(i) the ﬂow ﬁeld plate material, (ii) the GDL material, (iii) the ﬂowTable 4
MPL properties.
Roughness (mm) Water contact
angle, q (

)
Sa Sq
GDS1120 9.0  2.0 11.0  2.0 122  5
GDS2120 7.9  0.6 9.5  0.8 104  8
C2 1.0  0.1 1.3  0.1 120  16
C4 1.4  0.3 1.8  0.5 122  4
C6 1.7  0.2 2.3  0.4 84  5
C8 0.5  0.1 0.6  0.1 132  13
LT 1200N 1.1  0.2 1.5  0.3 112  18
LT1200W 0.5  0.1 0.8  0.2 129  14
SGL 10BC 0.4  0.1 0.5  0.1 121  5
SGL 24BC 1.7  0.1 2.5  0.3 94  3
SGL 25BC 0.8  0.2 1.3  0.3 e
SGL 34BC 0.8  0.2 1.1  0.3 89  5
SGL 34DC 1.5  0.2 2.2  0.3 93  7
SGL 35BC 1.5  0.4 2.2  0.7 99  3ﬁeld design (ratio of ‘lands’ to ‘grooves’) and (iv) the clamping
pressure. The change in resistances with clamping pressures is
shown in Fig. 20. The ﬁgure shows samples of straight ﬁbre and felt
ﬁbres papers andwoven ﬁbre cloths. It is important tomention thatFig. 11. Porosity of commercial GDLs.
Fig. 12. Tortuosity of commercial GDLs.
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deformation. This can be seen when measuring the contact resis-
tance of samples at the pre-conditioning stage. The contact resis-
tance decreases with each compression until it reaches
stabilisation, usually after 3e5 compression cycles [19].
Fig. 21 shows the GDL contact resistance at 1.5 and 2.5 MPa
(clamping pressures reported in the literature) [23]. The ﬁgure
shows that the contact resistances of P50/P75 and P50T/P75T
increase when the samples contain PTFE in the substrate.
Furthermore, the Toray GDLs showan increase in contact resistanceFig. 13. Pore size distribution change with GDL thickness in Toray samples e (a) full
pore size distribution & (b) ‘zoom in’ on the low pore sizes region.
Fig. 14. Pore size distribution change when a MPL is added for the samples: (a) SGL
25BA and SGL 25BC and (b) SGL 35 BA and SGL 35BC.with a thickness increase, agreeing with the increase noticed
between P50 and P75. This effect of resistance increase with
thickness may be due to the increase in the through-plane resis-
tance of the GDL with thickness. The woven cloth 1071HCB has
signiﬁcantly high contact resistance compared to all other GDL
samples; however, it exhibits a fairly low in-plane resistance.
Although Tenax woven samples have shown comparable values to
those obtained for paper GDLs. These values obtained fall within
the range reported by Mishra et al. [45] and Zhang et al. [46].
For the in-plane resistancemeasurements, the resistance (R) was
measured at various locations along the GDL strip samples yielding
a straight line (Fig. 22), the slope of which represents the resistance
per unit distance. The resistivity (in U m) of the GDL was then
calculated using Ohm’s Law as shown in Equations (1) and (2). Here,
it can be noticed that the plot does not go through the origin (0,0)
which is mainly due to the contact resistance between the GDL and
measurement rods.
The results of the in-plane resistivity experiments (Fig. 23) show
low values for the woven GDLs, which can be explained by the
uniform interconnection between the ﬁbres allowing electrons to
Fig. 15. Pore size distribution change between unteﬂonated, teﬂonated and teﬂonated
with a MPL GDL samples. Fig. 17. Pore size distribution for commercial woven GDL.
A. El-kharouf et al. / Journal of Power Sources 218 (2012) 393e404402ﬂow through the GDL ‘easily’. In the same manner, felt ﬁbre GDL
papers exhibit lower in-plane resistivity values due to the ability of
the electrons to travel through the three dimensional conﬁguration
through ﬁbres crossing different layers, rather than, the layered
webs that are interconnected on contact points at each layer.
A trend in the in-plane resistance can be observed (Fig. 23) for
the Sigracet P50 and P70 substrates group. For example, the resis-
tance decreases with PTFE loading but also increases in the pres-
ence of MPL. This interesting ﬁnding suggests that possibly some of
the MPL penetrates through the substrate, in turn covering some
ﬁbres and hence insulating them due to the presence of PTFE and
therefore increasing the resistivity. However the reason for the
decrease in resistivity with PTFE loading is not clear. It can be
suggested that the PTFE works as a binder when applied and
enhances the ‘contact’ between the ﬁbres in the GDL. A similarFig. 16. GDL pore size distribution change due to the increase of PTFE loading in the
sample.ﬁnding was observed by Ismail et al. [47] when increasing PTFE
loading in theMPL. Several possible explanations weremade by the
authors to elucidate this ﬁnding however the explanations were
not backed up by clear experimental results.
In-plane resistivity values for Toray shows the lowest resistivity
for GDL papers. This could be due to high graphitisation level of the
GDL ﬁbres which enhances the electrical conductance of the
substrate. It is also shown that the GDL resistivity decreases with
GDL thickness which can be explained by the increase of the bulk
density of the GDL. This observation suggests that higher ﬁbre
density provides a larger bulk for electron transfer. On the other
hand, the in-plane resistivity values of C4 and C8 are higher than
those of C2 and C6. Knowing the fact that C2 and C4 are based on
the same substrate and similarly for C6 and C8, this ﬁnding suggests
that the increase in resistivity is directly related to the MPL prop-
erties. The resistivity values are in agreement with the values
reported by Williams et al. [11].Fig. 18. GDL permeability as measured using mercury porosimeter.
Fig. 19. Water contact angle for commercial GDLs and their MPLs.
Fig. 20. Contact resistance change with clamping pressure.
Fig. 21. Commercial GDL contact resistance with POCO AXF-5Q graphite plate at 1.5
and 2.5 MPa.
Fig. 22. Toray H-030 strip resistance change with distance.
Fig. 23. In-plane resistivity of various GDL materials.
A. El-kharouf et al. / Journal of Power Sources 218 (2012) 393e404 403
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In this technical paper, the data of important ex-situ parameters
of commercial GDLs used in PEM fuel cells are reported. The results
indicate that there is a relationship between the GDL properties,
substrate structure, PTFE and MPL loading. It was found that PTFE
loading in the GDL decreases porosity and resistivity; however, it
increases tortuosity, permeability and hydrophobicity. Adding an
MPL to the GDL results in a further decrease in porosity and
permeability and increase in tortuosity and resistivity. Further-
more, differentMPL structures were observed and the variations on
their effect on the surface roughness and hydrophobicity were
investigated. It was also shown that the contact resistance between
the GDL and the POCO ﬂow ﬁeld plate increases with thickness and
PTFE loading. This study also shows the need for further research to
explore the effect of PTFE on the GDL and to assist in explaining the
changes in its other properties. Moreover, novel methods for
measuring GDL characteristics/properties are required to eliminate
errors due to the assumptions made in designing testing setup.
This paper offers values and parameters for a wide range of GDL
properties that are required for PEMfuel cell designers andmodellers.
This study will extend further to cover other crucial GDL character-
istics, namely, material composition and through-plane and in-plane
permeability forwater, hydrogen, oxygen and air. The complete study
of ex-situ characterisation of GDLs coupled with GDL modelling and
in-situ testingwill assist GDLmanufacturers in developingGDLswith
higherperformance for thevarious fuel cell applications, andwill lead
to the development of GDL selection criteria for PEM fuel cells.
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